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Hertzian Contact Damage in Porous Alumina Ceramics
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A study has been made of Hertzian contact damage in
porous and dense liquid-phase-sintered aluminas. I ndenta-
tion stress—strain curves show increasing nonlinearity asthe
materials become more porous, illustrating an increasing
component of “quasi-plasticity” in the contact damage.
Observations of the surface and subsurface damage pat-
ternsusing a bonded-interface sectioning techniquereveal a
transition in the Hertzian damage process, from classical
tension-driven cone cracks in the high-density material, to
distributed shear- and compression-driven subsurface dam-
age and deformation in the porous materials. Strength tests
on specimens subjected to cyclic indentations reveal a sub-
stantially higher susceptibility to fatigue in the most porous
structure.

I. Introduction

Suouss of Hertzian contact damage in tough monolithic and
omposite ceramics have revealed insightsinto theintrinsic
role of microstructure in mechanical properties. Coarse-grained
aluminas'? and other heterogeneous ceramics®” with high long-
crack toughness show radical departures from the classica
tension-driven Hertzian cone fracture typical of homogeneous
fine-grained materials. This change in fracture response is most
apparent in dense, coarse-grained aluminas’ where shear-
driven, distributed subsurface damage accumulation and micro-
cracking are observed. The subsurface damage intensifies with
cyclic loading, indicating fatigue tendencies, and ultimately
leading to accelerated material removal. These findings have
implications concerning the capacity of ceramics to sustain
mechanical damage and absorb energy. They aso imply that
“brittle—ductile” transitions in the mechanica response
of ceramics may be controlled by designed microstructura
heterogeneity.

A simple fracture mechanics model of damage accumulation
beneath contacts in ordinarily tough polycrystalline ceramics
has been previously described.? Macroscopicaly, the damage
occurs within a constrained drop-shaped zone beneath the
contact area, where the stresses are highly compressive and
deviatoric. At the microstructural level, the model is based on
microcrack extension from stress concentrations at constrained
“shear faults” In alumina, the shear faults are primarily associ-
ated with activation of intragrain twinning in a region of high
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compressive shear stress field beneath the contact area?
The observed microcrack density increases with grain size,
implying athreshold microstructural scale for crack initiation.

In contrast, the micromechanisms controlling failure in
porous ceramics under contact loading are not well understood.
This is despite many studies on analogous processes in porous
rocks.>** The mechanical behavior of porous ceramics is of
considerable practical importance in applications that require a
high degree of porosity, e.g. filters, thermal barrier coatings,
sensors, and preforms for subsequent infiltration. Accordingly,
studies are being conducted to investigate low-cost processing
routes for aluminas with different degrees of porosity, using
readily available mineral additives.*>*®

The specific purpose of the present study is twofold: (i) to
determine experimentally the influence of porosity in liquid-
phase-sintered (LPS) alumina ceramics under contact damage
and fatigue conditions; and (ii) to explore the micromechanical
response, and thereby gain information on the nature of the
damage. LPS alumina materials with appropriate oxide addi-
tives are used to prepare specimens with up to 18% porosity.
The indentation stress—strain responses in these materials
exhibit enhanced quasi-plasticity with increasing porosity. Sub-
surface observations of contact damage in the porous materials,
using a “bonded-interface” sectioning technique,> show clear
evidence of a macroscopic damage zone. Cyclic loading tests
accelerate the damage accumulation, with some indication of
grain crushing, pore filling and pore collapse. Fatigue suscepti-
bility is quantitatively assessed from strength degradation in
biaxial flexure testing as a function of the number of contact
cycles.

Batches of powder were prepared comprising a mixture of
84 wt% alumina (Alcoa of Australia Ltd., Kwinana, Western
Australia) with 9 wt% kaolinite, 5 wt% talc and 2 wt% calcite
(Commercial Minerals, Kewdale, Western Australia) in deion-
ized water. The resulting slurries were attrition-milled for 3 h
and then oven-dried at 110°C for 24 h. The resulting powder
cakes were crushed and screened through a 150 pm sieve.
Individual batches of powder were placed in a hardened steel
die and dry-pressed a 50 MPa to form disks of 30 mm
diameter X 3 mm thickness. The pressed green-body specimens
were then placed in high-purity aumina boats packed with
loose bedding alumina powder, placed in a MoSi, resistance-
heated box furnace (Model 46200, Thermolyne), and subject
to one of three heat treatments in air: (a) at 1250°C for 4 h,
(b) 1300°C for 1 h, or (c) 1400°C for 4 h. All specimens were
cooled to room temperature at 480°C/h.

X-ray powder diffraction (XRD) determined the phase com-
position of the sintered aluminas, including the glassy phase,
from Rietveld analysis.*® Scanning electron microscopy (SEM)
was used to examine the microstructures and to evaluate grain
sizes (lineal intercept technique'). The bulk density of the
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Tablel. Preparation and Propertiesof Aluminas
Sintering Porosity Grainsize Hardness Young's modulus Inert strength
treatment (%) (m) (GPa) (GPa) (MPa)
1250°C, 4 h 17.8 ~1 57 110 280
1300°C,1h 6.8 ~2 10.6 184 410
1400°C, 4 h 25 ~4 120 270 450

sintered materials was determined using Archimedes princi-
ple.*® The porosity was calculated from the relative density and
theoretical true density value (estimated by rule of mixtures).
The indentation hardness was evaluated as |oad/projected area
from the impression diagonals of Vickers indentations using a
contact load of 150 N. Young's modulus of selected specimens
was determined using atime-of-flight direct transmission ultra-
sonic technique.

Indentation stress—strain testing™™ was carried out on speci-
mens polished to a final finish with 1 wm diamond paste and
then sputter coated with gold. Indentations were made using
tungsten carbide (WC) spheres of radii r = 0.79, 1.19, 1.98,
3.18, 7.94, and 12.70 mm, over aload range P = 100-2500 N
on a universal screw-driven testing machine (Model 1122,
Instron, Canton, MA) at a constant crosshead speed (2 mm/
min). Residual tracesin the gold layer enabled measurement of
contact radii (a). Indentation stresses (p, = P/wa?) as a func-
tion of indentation strain (a/r) were then determined. For purely
elastic contacts, the stress—strain relation is linear, p, =
(3E/4mk)alr, with E Young’' s modulus and k an elastic indenter/
specimen coefficient.™

Examination of subsurface contact damage was made using
a bonded-interface technique, consisting of two polished half-
blocks joined together by adhesive.>* Indentations were made
symmetrically across the traces of the interface on a servo-
hydraulic testing machine (Model 8502, Instron, Canton, MA)
at specified contact loads, with a sphere of radius 3.18 mm.
Single-cycle tests were conducted at loads up to 2500 N.
Multiple-cycle tests were run with a sinusoidal waveform at
a frequency of 10 Hz and a load of 1000 N. After testing,
the bonded materials were separated and the surfaces and sec-
tions cleaned with acetone. The polished specimens were sub-
sequently gold-coated and viewed in an optical microscope
using Nomarski interference contrast to reveal the macroscopic
damage patterns.

Strength degradation tests were made on polished disks of
~22 mm diameter and 2.5 mm thickness after cyclic contact.
Indentations were centered on the top surface of each disk, with
amaximum contact load of 1000 N and sphere radius 3.18 mm,
at a frequency of 10 Hz, over n = 1-10° cycles. Some speci-
mens were left unindented for measurement of natura
strengths. The disks were broken in biaxial flexure on a univer-
sal screw-driven testing machine (Model 1122, Instron, Canton,
MA) with the top surface on the tension side, using a flat
circular punch of diameter 3.5 mm on a three-ball support of
14.9 mm diameter.®® A drop of silicone oil was placed on the
indentation sites prior to flexure, and the specimens broken in
<10 ms, to minimize environmental effects. All broken disks
were examined to ensure that failure originated from the inden-
tation sites. Those that did not were excluded from the analysis.

I1l. Resultsand Discussion

Table | summarizes the properties of the LPS materials used
in this study.™ Three levels of porosity were obtained, 2.5%,
6.8%, and 17.8%, depending on the sintering temperature and
time. The XRD and SEM analyses showed that these materials
al had an alumina content of ~86 wt%, with ~4 wt% spinel
and ~2 wt% anorthite crystalline phases, and ~8 wt% inter-
granular glassy phase.

The alumina grain sizes ranged from 1 to 4 wm in the three
materials.”® In fully dense aluminas, this range is too small to

have any discernible effect on the Hertzian contact response.?
Accordingly, any effects observed below can be attributed to
the porosity.

Figure 1 shows indentation stress—strain curves for single-
cycle indentations in these three LPS aluminas. For reference,
the inclined dashed line represents the Hertzian relation for
purely elastic contacts (Section I1) on the 2.5% porous mate-
rial.® Also, the hatched boxes at the right axis represent
Vickers-determined hardness values for the three materials.
The curves show strikingly increasing deviations from linearity
with increasing porosity, not unlike those observed in other
deformable, but dense, quasi-plastic ceramics.*

Figure 2 shows half-surface (upper) and section (lower)
views of the damage obtained in each of the LPS aumina
materials from single-cycle Hertzian indentations with a sphere
of 3.18 mm radius, at a peak load of 1500 N. The indentation
stresses for the 2.5%, 6.8%, and 17.8% porosity materials are
p, = 6.2, 4.3, and 3.0 GPa, respectively, i.e, just within the
nonlinear regionsin Fig. 1. Theimpression diameter and degree
of subsurface damage become more pronounced with increasing
porosity, consistent with the trend towards increasing quasi-plas-
ticity in Fig. 1. The damage in the low-porosity material
(Fig. 2(8)) hasthe form of aclassical Hertzian cone fracture, with
near-circular surface ring cracks and no sign of residual surface
depression.” In the intermediate-porosity materid (Fig. 2(b)), a
residual depresson and corresponding subsurface damage
accompany the cone cracks. In the high-porosity materia
(Fig. 2(c)), the depression and subsurface damage are greetly
enhanced, and the cone cracks reduced to surface ring cracks.
Thus there is evidence of a “brittle—ductile” transition with
increasing porosity, analogous to that previously observed in
alumina with increasing grain size.? Note in the more porous
materialsthe appearance in Figs. 2(b) and (c) of near-hemispheri-
ca fissures at the periphery of the subsurface damage zone,
indicative of a material that has undergone some compaction
during loading and has pulled away from the surrounds during
elastic recovery on unloading.
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Fig. 1. Indentation stress—strain curvefor single-cycle contactsfor LPS
aduminas of indicated porosities. Data obtained using WC spheres.
Dashed line is Hertzian elastic response for 2.5% porous LPS alumina.
Hatched boxes on right axis are hardness values from Vickers
indentations.
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Fig. 2. Optical micrographs of Hertzian damage for LPS aluminas with porosity (a) 2.5%, (b) 6.8%, and (c) 17.8%, showing haf-surface (top) and
section (bottom) from bonded-interface specimens, viewed in Nomarski illumination. Single-cycle indentations produced by WC sphere, radius r =
3.18 mm, load P = 1500 N. Note fissures at periphery of deformation zonesin (b) and (c).

Figure 3 shows the evolution of contact damage in each au-
mina materia with increasing number of contact cycles, n = 1,
10®, and 10°, again with a sphere of 3.18 mm but at alower load,
1000 N, than that in Fig. 2, in order to observe the damage
buildup:

(@ For the low-porosity materia (Fig. 3(a)), the damage at
n = lisdight, consisting of a shallow ring crack and no subsur-
face deformation. After cycling at n = 10° the ring crack has
extended into a cone, still without sign of subsurface damage.
After n = 10°, some accompanying subsurface damage is now
apparent.

(b) For the intermediate-porosity materia (Fig. 3(b)), the
damage at n = 1 again begins as a shallow ring crack without
subsurface deformation. After n = 10° cycles, the ring crack has
extended into a cone, but now there is considerable accompa-
nying subsurface damage. After n = 10°, the cones are dominated
by the subsurface damage, which is extensive to the point of
materid removal.

(c) For the high-porosity materia (Fig. 3(c)), the damage at
n = 1 begins as quasi-plastic deformation. After n = 10° cycles,
subsurface deformation has noticeably expanded, with peripheral
cracking at the zone base but without any surface ring cracking.
After n = 10°, the deformation zone is dramatically larger, with
even more periphera cracking, extending upward close to the
specimen surface, but still without any ring cracking. Thus the
more porous materials are not only more susceptible to quasi-
plagticity, but aso to an exaggerated damage accumultion, i.e.,
fatigue.

Figure 4 shows the strengths of contact damaged bend speci-
mens of the low-porosity (2.5%) and high-porosity (17.8%) LPS
aluminas as a function of number of indentation cycles n with a
sphere of 3.18 mm a peak load P = 1000 N (cf. Fig. 3).
Each data point represents the mean and standard deviation of at
least four specimens. The strength of the low-porosity material
falls abruptly by about 35% after one cycle, from failure at
cone crack origins. However, this strength level does not fall
significantly as n increases, indicating that the cone cracks are
not highly susceptible to prolonged cyclic loading.® In contrast,
the strength of the high-porosity material shows arelatively small
falloff of about 15% after one cycle, in this case from failures at
subsurface deformation origins. Thereafter, however, the strength
declines dramatically with increasing n, indicating that the defor-
mation modeisfar from benign. Thesetrendsin the high-porosity
material are not inconsistent with the relatively strong damage
buildup noted in Fig. 3(c).

IV. Conclusion

In this study on LPS aluminas we have shown that porosity
can have a dramatic influence on the nature of contact damage
response of nominaly brittle solids. Specifically, increasing
porosity induces atransition from an essentialy brittle to aquasi-
plastic response in the damage mode, somewhat anal ogous to the
influence of increasing grain size.? This transition is apparent
both quantitatively, on indentation stress—strain curves (Fig. 1),
and qualitatively, on ceramographic sections (Fig. 2). The quasi-
plastic damage in particular is susceptible to mechanical fatigue,



Fig. 3. Optical micrographs of Hertzian damage for L PS aluminas with porosity (a) 2.5%, (b) 6.8%, and (c) 17.8%, showing half-surface (top) and section (bottom) from bonded-interface specimens, viewed in
Nomarski illumination. Multiple-cycleindentationsat n = 1, 10°, and 10° produced by WC sphere, radiusr = 3.18 mm, load P = 1000 N, at 10 Hz.
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Fig. 4. Inert strength as a function of number of indentation cycles for
LPS aluminas with 2.5% and 17.8% porosity. Error bars are standard
deviations (minimum four specimens).

as revealed in the micrographs (Fig. 3) and on strength degrada-
tion curves (Fig. 4).

Thisinfluence of porosity on indentation stress-strain behavior
and contact damage response has serious implications concerning
the capacity of ceramics to sustain mechanica damage
and to absorb energy in impacts. The results indicate that the
performance of ceramic-based structures may be controlled by
the level of porosity, and hence by processing strategies. Such is
the case with porous coatings for thermal barriers,® ceramic
preforms for glass infiltration,? and porous ceramic matrices for
damage-tolerant composites,?® where porosity and other defect
content is paramount to the mechanical response. This raises the
prospect of designing low-cost auminas and other ceramics for
applications where flaw tolerance, thermal shock, thermal resis-
tance, energy absorption and permeability are major interests.

The present study leaves unanswered questions concerning
the underlying nature of the quasi-plastic damage in the porous
structures. In most tough ceramics the quasi-plagticity is identifi-
able with internal shear-driven defects with friction at sliding
interfaces, so-called “shear faults””® In the present case there is
a strong indication that compaction plays a major role in the
deformation, possibly by structural breakdown and subsequent
intrusion of materia into the pores (pore collapse, or “cataclastic
flow”)™ or by growth and coalescence of interpore cracks.™
The specific mechanisms of such deformation are a relatively
unexplored areain ceramics.
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